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SUMMARY

A large-scale model that represents a wing-elevon junction on a
Shuttle~type entry vehicle was aerothermally tested in the Langley 8-Foot High-
Temperature Structures Tunnel. The purpose of the test was to study the flow
pattern between elevons and to determine the pressure and heat load within the
chordwise gaps formed by adjacent elevons and by the stub fairing which sepa-
rates the elevons. Tests were performed at a free-stream Mach number of 6.8
with a turbulent boundary layer on the wing and elevon. Nominal test conditions
were a dynamic pressure of 62 kPa and a total temperature of 1870 K to produce
a free-stream unit Reynolds number of 4.6 X 106 m~1. Both model angle of
attack and elevon deflection angle were varied from 0 to 15°9, and gap widths
between the stub and elevons were varied from 0 to 1.19 cm. The corresponding
variation in gap width between elevons was from 7.26 to 9.65 cm.

Test results indicate that heating in the narrow gaps between the stub
and elevons (near the elevon hinge point) occurs primarily along the aft edge
of the stub near the windward surface of the wing. Elevon-stub gap heating
is proportional to wing heating and is independent of elevon deflection. Gap
pressure and heating are inversely proportional to gap width. Maximum measured
heating was 36 percent of the turbulent heating on the wing and occurred for an
elevon-stub gap width of 0.18 cm.

The aerodynamic heating within the larger gap between the elevons
(downstream of the hinge point) is proportional to the heating on the windward
surfaces of the elevons except near the leeward surface. Gap heating varies
inversely with gap width. Maximum heating of 30 percent of the turbulent heat-~
ing on the elevon was obtained with an elevon gap width of about 7.7 cm. The
heating within the large gaps between elevons and the narrow gap adjacent to the
stub is only slightly affected by the Reynolds number variation of the present
tests.

INTRODUCTION

Winged hypersonic vehicles, such as the Space Shuttle, require wing-elevon
control surfaces that can tolerate the high aerothermal loads of hypersonic
flight. The Space Shuttle incorporates split elevons on each wing as described
in reference 1. Thus far, primary emphasis has been given to determining the
heat load within the cove between the wing and elevon (refs. 2 and 3). The
split elevons are separated by a stub which serves as a structural fairing and
an end seal for the cove. Originally, the stub was designed with narrow chord-
wise gaps between it and each elevon, and the heating within these gaps was of
great concern.

Since the complex flow between elevons is not amenable to an analytical
solution and there had not been any published studies of gap heating for this
configuration, a limited experimental study was made of the aerodynamic heating



between elevons for the Space Shuttle. The Shuttle design criterion was
defined on the basis of unpublished data from a small-scale model tested in
an arc tunnel which indicated that elevon sidewall heating could be assumed
equal to the heating to the elevon windward surface. More recent unpublished
results from a 0.04-scale model tested in the same facility with laminar flow
indicated even greater heating in this area. However, reliable detailed heat-
ing distributions are difficult to obtain from such small-scale tests.

A large-scale model that represents a Shuttle-type wing-elevon junction
where adjacent elevons are separated by a stub fairing was aerothermally tested
in the Langley 8-Foot High-Temperature Structures Tunnel. The purpose of the
test was to study the flow pattern between elevons and to determineé the pressure
and heat load within the chordwise gaps formed by the elevons and stub and by
the adjacent elevons. Tests were performed at a free-stream Mach number of 6.8
with a turbulent boundary layer on the wing and elevon. Nominal test conditions
were a dynamic pressure of 62 kPa and a total temperature of 1870 K to produce
a free-stream unit Reynolds number of 4.6 x 106 m~1. Tests were also performed
at a reduced temperature of 1500 K and at reduced unit Reynolds numbers to
1.05 x 1076 m~1. Both the model angle of attack and elevon deflection angle
were varied from 0 to 152, and gap widths between the stub and elevons were
varied from 0 to 1.19 cm. The corresponding variation in gap width between
elevons was from 7.26 to 9.65 cm. This paper presents results of these large-

scale tests.

SYMBOLS
d normal distance into gap from windward surface (fig. 6(a)), m
P pressure, Pa
q dynamic pressure, Pa
q heating rate, W/m2
r radial distance from wing trailing edge (fig. 6(a)), m
R unit Reynolds number, m !
T temperature, K
W gap width between elevons, m
w gap width between elevon and stub, m
X,Y,2 model coordinates (fig. 6(a)), m
a angle of attack, deg
$ elevon deflection angle, deg



Subscripts:

e elevon surface
') lower elevon

t total

u upper elevon

w wing surface
o free stream

APPARATUS AND TESTS
Model

A wing-elevon model shown in figure 1 was aerothermally tested in the
Langley 8-Foot High-Temperature Structures Tunnel. The model consisted of a
flat wedge with a sharp leading edge, a circular leeward surface, and two ele-~
von flaps separated by a stub. Fences were attached to each side of the model
to ensure two-dimensional flow on the wing portion of the model. Near the
leading edge, flow trips that were sized and spaced in accordance with refer-
ence 4 were attached to the model to produce an even turbulent boundary layer
on the windward surface. The model, fabricated with 1.27-cm—-thick steel walls,
was mounted vertically on a wedge-shaped center support about which the model
could rotate for angles of attack from 0 to 15°. The two elevons were hinged
in the stub and the upper and lower fences and could be rotated independently
from 0 to 15°. Elevon position was fixed before each test by bolting the ele-~
vons to the fences. On the basis of stub width, the elevons were approximately
50 percent shorter than those designed for the Space Shuttle.

Photographs of the model installed in the wind tunnel are presented in fig-
ure 2, Figures 2(a) and (b) are front and side views, and in figure 2(c), the
upper elevon has been removed to show the stub. Pertinent model dimensions are
given in figure 3 which is an exploded view of the model. The model was 246.0 cm
long and 132.0 cm wide. Maximum model depth was 30.5 cm. The length from the
leading edge to the elevon hinge line was 200.0 cm. The elevons were 45.7 cm
long, 62.2 cm wide at the leading edge, and 61.0 cm wide at the trailing edge.
Stub width was 4.9 cm.

The elevon-wing junction was sealed to eliminate flow in the cove area
formed by the elevons and wing. The gaps between the stub and elevons and the
larger gap between the two elevons were not sealed. Spanwise seals were used in
conjunction with the model fences to form a closed cavity between the wing
hinge section and the elevon as shown in figure 4. Although the open side of
the cavity is exposed to the stub forward of the hinge, the seals restrict any
possible flow through the junction. However, there was a narrow spanwise gap
at the junction outside of the closed cavity as shown in figure 4. High pres-~



sure at the wing-elevon junction could produce spanwise flow, as illustrated
in figure 5, that would reach the stub and contribute to the flow in the elevon-

stub gaps.

The model instrumentation locations, the model coordinate system, and the
distances r and d are illustrated in figure 6. The wing trailing edge,
which is the origin of the radial distance r, is located by x and 2z coor-
dinates of -3.43 and -7.62 cm, respectively. The locations of the pressure
orifices and thermocouples on the model wing and elevon windward surfaces are
indicated in figure 6(a). 1In figure 6(b), the instrument distribution, on the
stub sidewalls is indicated. Although the primary objective of these tests
was to determine the aerothermal load to the sidewall of the stub, the elevon
sidewalls were also instrumented. The instrument distribution on the sidewall
of the elevons is indicated in figure 6(c). Table I presents the exact coor-
dinates of instrumentation for which data are tabulated in this paper. Photo-
graphs in figure 7 of the stub alone and attached to the model show the
thermocouple~-instrumented thin plates that were mounted flush with the model
surface. Details of the plate are presented in figure 8. A chromel-alumel
thermocouple was attached to a 0.08-cm-thick stainless steel plate, which was
held in position with two screws. The plates were insulated from the model by
a cork material to minimize thermal conduction between the plate and the model
structure. Computations indicate that conduction errors in heating-rate mea-
surements are negligible for the present tests.

Facility

The model was tested in the Langley 8-Foot High-Temperature Structures
Tunnel. This facility is a hypersonic blowdown wind tunnel that uses the com-
bustion products of methane and air as the test medium and operates at a nomi-
nal Mach number of 6.8, at total combustor pressures between 3.4 and 24.1 MPa,
and at total temperatures between 1400 and 2000 K. <orresponding free-stream
Reynolds numbers are between 1 x 106 and 10 x 108 m~1., These conditions simu-
late the aerothermal flight environment at Mach 6.8 in the altitude range
between 25 and 40 km. The model is retained below the test chamber during
tunnel startup and shutdown and is inserted when the desired stream conditions
are established. Additional information pertaining to this facility may be
found in reference 4.

Tests

The model was tested at the conditions listed in table II which include
the tunnel dynamic pressure, total temperature, free-stream unit Reynolds num-
ber, model angle of attack, elevon deflection angle, and gap widths. The model
was tested primarily at a dynamic pressure of 62 kPa and a total temperature of
1870 K to produce a free-stream unit Reynolds number of 4.6 x 106 m~!. The
model angle of attack, elevon deflection, and gap widths were varied to para-
metrically study their effects on the pressure and heating within the gaps.
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The initial test, indicated in table II, was conducted with the spanwise gap,
described earlier, sealed at the ends with silicone rubber adhesive to prevent
any spanwise flow and thereby isolate the effect of spanwise flow on gap
heating.

- Por the maximum gap width, model angle of attack (@) and elevon deflection
angle (8) were varied from 0 to 15°. Nominal conditions of a = 10° and
§ = 10° were chosen for comparison purposes when other test parameters such -
as gap width were varied. The gaps were varied by placing various thickness
shims between the elevons and the fences. The gaps between the stub and ele-
vons (w) were varied from 0 to 1.19 cm; the corresponding variation in the
larger gap between the two elevons (W) was from 7.26 to 9.65 cm. The model
was also tested with unsymmetric elevon-stub gaps by fixing the lower elevon
at wg = 0.18 cm and adjusting the upper elevon for w, values of 1.23 and
0.59 cm. With wy = 0.59 cm and wg = 0.18 cm, & and & were varied as
in the previous tests with the maximum gap width. The model was also tested
with unsymmetric elevon deflections. The lower elevon deflection was fixed
at 10° while the upper elevon deflection was varied from 0 to 15°,

Additional tests were made at off-nominal tunnel flow conditions. One
test was made at a reduced temperature of 1500 K and two other tests were made
at reduced dynamic pressures of 45.1 and 14.9 kPa for unit Reynolds numbers of
3.22 x 106 and 1.05 x 106 m~!

RESULTS AND DISCUSSION
Oil~-Flow Visualization

The windward flow on the model near the elevon-stub region is described
by the typical oil-flow pattern shown in figure 9. This pattern was obtained
during the test with maximum gap width and with a and 6§ at 10°. The pat-
tern indicates that the flow is straight on the wing and elevon except near
the edges of the gaps. The waviness of the 0il streaks on the lower elevon
is caused by machine irregularities during fabrication.

The gap flow is described by the oil-flow patterns on the sidewalls of
the stub and lower elevon (upper elevon removed) shown in figure 10. These
patterns were obtained with the elevon deflected 10° and the model angle of
attack varied from 0 to 15°. The flow around the stub sidewall and base is
insignificant. However, the oil pattern on the elevon downstream of the stub
indicated that the flow between the elevons is significant and varies appreci-
ably with angle of attack. At a = 0° (fig. 10(a)), the oil flowed toward the
center of the elevon sidewall from both the windward and leeward sides of the
model, and although a separation was not clearly indicated, the flow appeared
to reattach near the center. As o was increased, the flow pattern changed
so that the oil flowed predominately from the windward side of the model for
a = 159,



Wing and Elevon Surface Pressures and Heating Rates

Measured surface pressures on the wing and elevon are compared with
predictions in figure 11 for the various test conditions. The data fall along
the 45° line representing agreement. Pressures were predicted from surveys of
tunnel test media reported in reference 4, the flow properties of the combustion-
product test medium from reference 5, and the oblique shock relationships from
ceference 6.

Measured heating rates on the windward surfaces of the wing and elevon
are compared with turbulent predictions in figure 12 for the various test condi-
tions. Predicted heating rates were obtained using Eckert's reference enthalpy
method described in reference 7 for a turbulent boundary layer. The model lead-
ing edge was used as the virtual origin since the flow was tripped near the
leading edge. The same virtual origin was used for both the wing and the elevon
with the respective predicted local pressures. The measured heating rates on
the wing were about 20 percent below the predictions; this result is consistent
with measured flat-plate heating rates in the same facility presented in
refarence 4.

In this report, measured pressures and heating rates within the gaps are
referenced to the wing and elevon pressures and heating rates (measurement loca-
tions shown in fig. 6(a)) that are listed in table III for each test. WNormalized
pressures and heating rates for pertinent locations on the stub base, both side-
walls of the stub, and the sidewall of each elevon are presented in tables IV
and V. These normalized heating rates with a turbulent reference cannot be com-
pared directly with the unpublished data obtained with a laminar refecence,
because the heating rates in separated flow regions are not totally dependent
upon the boundary layer condition of the attached flow.

Elevon~Stub Gap Pressures and Heating Rates

Flow penetration into the narrow gaps between the elevons and stub was not
extensive as indicated by oil-flow patterns and aerodynamic heating rates mea-
sured on the gap walls. Typical gap heating rates, normalized by the reference
wing heating rate, are plotted in figure 13 as a function of radial distance
from the wing trailing edge. Data obtained on the stub sidewalls adjacent to
the upper and lower elevons are represented by unticked and ticked symbols,
respectively. Results are presented for elevon-stub gap widths of 1.19, 0.59,
and 0.18 cm, for an elevon deflection of 10°, and for wing angles of attack of
0, 59, 10°, and 15°. Most of the heating occurred along ths aft edge of the
stub. The peak heating occurred at the corner of the stub sidewall nearest the
windward surface of the wing. The peak heating ratio (é/éw) was about 0.27 for
the large gap width and about 0.36 for the small width. The gap heating appears
to be a logarithmic function of r. As 0 was increased, heating to the gap
interior increased, probably because of greater flow through the gap.

The effect of elevon deflection angle on elevon-stub gap heating is shown
in figure 14. Normalized gap heating is plotted against radial distance from
the wing trailing edge for gap widths of 1.19, 0.59, and 0.18 cm and an angle of
attack of 109, Gap heating is directly related to the heating level on the wing

6



ahead of the gap and independent of elevon deflection between 0 and 15°. The
oil-flow patterns and heating results indicate that the flow probably enters
the elevon-stub gaps from the wing surface and not from the elevon surface.
Therefore, the effect of elevon deflection can be neglected when determining
gap heating near the hinge line of the elevon.

The effect of elevon-stub gap width on gap pressure and heating is shown
in figures 15 and 16. Gap pressure normalized by wing pressure is plotted
against gap width in figure 15 for two locations along the aft edge of the
stub sidewall. Model angle of attack and elevon deflection angle are 10°.
Gap pressure varies inversely with gap width. As gap width is reduced, the
gap pressure nearest the windward surface approaches the pressure on the wing
surface.

Gap heating varies with gap width in a similar manner, as shown in fig-
ure 16. Elevon-stub gap heating nearest the windward surface varies inversely
with gap width as did the gap pressure. However, heating to the gap interior
decreased with reduced gap width because the flow through the gap is probably
reduced so that a greater portion of the flow energy is transferred to the gap
entrance and less energy remains to penetrate into the interior. This trend
was seen in aerothermal studies of spanwise cove heating (refs. 3 and 8) where
leakage was reduced and the flow energy was absorbed near the entrance for
short exposures. Therefore, the heating distribution should vary with time and
greater heating to the gap interior should occur as the gap entrance reaches
equilibrium temperature. The gap heating for the tests with unequal gap widths
on each side of the stub (unsymmetric elevon-stub gaps, table II) showed the
same relationship with gap width as that shown in figure 16. Therefore, the
elevon-stub gap heating was not affected by the size of the gap on the opposite
side of the stub, so that heating results from the gaps on either side of the
stub can be evaluated independently.

The effect on elevon-stub gap pressure and heating of the local Reynolds
number on the wing surface is shown in figures 17 and 18. Gap pressure normal-
ized by wing pressure is plotted against unit Reynolds number for two locations
along the aft edge of the stub. The pressure ratio is independent of Reynolds
number near the windward surface, but increases on the interior as Reynolds num-
ber is decreased. As Reynolds number is increased, the pressure difference
through the gap is also increased. This difference indicates potential for
greater flow and hence increased heating with increasing Reynolds number, as
shown in figure 18. Although the heating near the windward surface of the stub
is closer -to the wing heating for the lower Reynolds numbers, the actual heat
flux and the overall heat load increased with Reynolds number. This trend is
similar to that noticed in figure 16 where higher heating near the wing surface
resulted in less heating to the interior because of a decrease in gap flow rate.

Elevon Gap Pressures and Heating Rates

The flow through the large gap between the elevons produced higher convec-
tive heating and some localized flow impingement areas (as indicated by the oil-
flow patterns in fig. 10) where peak heating probably occurred. However, insuf-
ficient instrumentation was located on the elevon sidewalls to accurately define
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these peak heating areas. Limited elevon gap heating distributions normal to
the elevon windward surface were obtained and typical results are presented in
figure 19 for various elevon deflection angles up to 15°. Results are presented
for an angle of attack of 10° and gap widths of 9.65 and 8.08 cm. These results
are for locations 40.6 cm from the elevon hinge point. The unticked and ticked
data symbols represent the results on the sidewalls of the upper and lower

elevons, respectively.

In figure 19, elevon gap heating rates are normalized by the reference
heating rates on the windward surfaces of the elevons (fig. 6(a)). Heating
results for the three locations on the windward half of the surface are directly
related to windward surface heating and appear to be independent of elevon
deflection. However, heating results on the leeward half of the surface varied
inversely with ¢, indicating interference from the flow off the leeward surface
of the model. Gap heating appears to peak just beyond a depth of 5 cm, and
the peak value decreased with increased gap width. Peak heating values of
3/de = 0.16 and 0.28 occurred for elevon gap widths of 9.65 and 8.08 cm,
respectively. Lower heating nearest the windward edge of the elevon probably
occurred because of flow separation produced as the flow from the windward sur-
face expanded around the corner and turned into the gap. The oil-flow pattern
along the edge (fig. 10) supports the idea that flow separation occurred along
the edge. These normalized peak heating ratios obtained with a turbulent
boundary layer are much less than the Space Shuttle design criterion of 1.0
derived with a laminar boundary layer on both the wing and elevons as described
earlier. The difference is probably due to the change in the reference heating
from turbulent to laminar, but the absolute values of heating inside the gap
are probably not that different.

In the test with unsymmetric elevon deflection angles, the sidewall heating
on each elevon was the same function of its own elevon reference heating value
ée as that shown in figure 19. Generally, sidewall heating was not affected by
deflection angle of the adjacent elevon for the range of angles tested. There-
fore, no appreciable mixing of the flow in the gaps occurred near the elevon
sidewalls and the flow along the elevon sidewalls would be characteristic of
external boundary layer flow or developing flow between parallel plates.

Similar elevon gap heating results are presented in figure 20 for various
model angles of attack and § = 10°. Again, the peak heating occurred at a
depth of about 5 cm. In this comparison, the greatest influence of leeward
flow occurred at @ = 59, 1Influence of leeward flow on elevon sidewall heating
is dependent on both © (windward flow conditions) and § (pressure differen-
tial across elevon), as indicated by a comparison of the results presented in
figures 19 and 20.

The flow effects produced by varying elevon gap width are difficult to
define since they are localized and the instrumentation was sparse. The gap
pressure for two locations are plotted against gap width in figure 21. The
gap was varied from 7.26 to 9.65 cm. The angle of attack and elevon deflec-
tion angle were 10°. The pressure levels at the two orifices, located at
d = 15.2 cm, differ greatly, but the pressure does not vary with gap width,
again indicating that the flow is characteristic of boundary layer flow. As
shown in figure 22, elevon gap heating near the windward surface of the elewvon
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varies significantly with gap width even though the heating at 4 = 15.2 com - is
independent of W (similar to pressure). The value of Qq/J, peaks at 0.3 at
d =5.2 cm for a gap width of about 7.7 cm. Apparently, the flow impingement
shifts as the aspect ratio of the gap varies. A general definition of aspect
ratio for this application could be the ratio of the length from the hinge
point to the gap width. Insufficient data exist to substantiate the exact
location of the flow impingement.

Normalized elevon gap heating varies only slightly with local unit Reynolds
number on the wing surface, as shown in figure 23. Some of the variations could
be caused by small changes in flow direction as it expands around the elevon gap
edges. The most significant change occurred near the leeward surface of the
wing. The trends are very similar to those noted for the elevon-stub gap.

CONCLUDING REMARKS

A large-scale model that represents a wing—elevon junction on a Shuttle~
type entry vehicle was aerothermally tested in the Langley 8-Foot High-
Temperature Structures Tunnel. The purpose of the test was to study the flow
pattern between elevons and to determine the pressure and heat load within the
chordwise gaps formed by adjacent elevons and by the stub fairing which sepa-
rates the elevons. Tests were performed at a free-stream Mach number of 6.8
with a turbulent boundary layer on the wing and elevon. Nominal test condi-
tions were a dynamic pressure of 62 kPa and a total temperature of 1870 K to
produce a free-stream unit Reynolds number of 4.6 x 106 m~1. Tests were also
performed at a reduced temperature of 1500 K and at reduced unit Reynolds num-—
bers to 1.05 x 106 m~1. Both model angle of attack and elevon deflection angle
were varied from 0 to 159, and gap widths between the stub and elevons were
varied from 0 to 1.19 cm. The corresponding variation in gap width between
elevons was from 7.26 to 9.65 cm.

Test results indicate that heating in the narrow gaps between the stub
and elevons (near the elevon hinge point) occurs primarily along the aft edge
of the stub near the windward surface of the wing. Elevon-stub gap heating is
proportional to wing heating and is independent of the elevon deflection angle.
Gap pressure and heating are inversely proportional to gap width. The maximum
measured heating was 36 percent of the turbulent heating on the wing and
occurred for an elevon-stub gap width of 0.18 cm.

The aerodynamic heating within the larger gap between elevons (downstream
of the hinge point) is proportional to the heating on the windward surfaces of
the elevons except near the leeward surface. The flow along the elevon side-
walls is typical of boundary layer type flow and characterized primarily by the
flow on the elevon surfaces, in particular the windward side. Gap heating
decreases with 'gap width. A peak heating of 30 percent of the turbulent heat-
ing on the elevon was obtained with an elevon gap width of about 7.7 cm. Peak
heating values normalized by turbulent reference heating were much less than
the Space Shuttle design criterion derived with a laminar reference. The dif-
ference was probably due to the change in reference heating from turbulent to
laminar, and the absolute heating inside the gap was probably not that differ-



ent. The heating within the large gaps between elevons and the narrow gap
adjacent to the stub is only slightly affected by the Reynolds number variation

of the present tests.

National Aeronautics and Space Administration
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December 3, 1980
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TABLE I.- LOCATION OF PRESSURE AND HEATING-RATE INSTRUMENTATION ON MODEL

(a) Pressure orifices

Orifice X, Yy z, L, d,
cm cm cm cm cm

External surfaces

Pw -1.55 0 -7.62 0

Pe,u 41.33 33.55 -7.62 0

Pe, % 41.33 -33.55 -7.62 0

Stub base

Pég 2.79 0 -5.28 2.34

p7 10.11 0 5.13 12.75
Stub upper sidewall

P11 1.24 2.44 -5.28 5.26 2.34

P13 8.79 2.44 5.46 17.88 13.08

Pig -2.64 2.44 -6.35 1.45 1.27

P17 -5.08 2.44 -5.41 2,87 2,21
Stub lower sidewall

P31 1.19 -2.44 -5.23 5.31 2.39

P33 8.81 -2.44 5.46 17.96 13.08

P3¢ 2.69 -2.44 -6.40 1.47 1.22

P37 5.11 -2.44 -5.33 2.77 2.29
Upper elevon surface

P59 2.54 2.44 7.62 15.24

Pé60 15.88 3.71 7.62 15.24

P61 30.48 3.71 7.62 15.24
Lower elevon surface

P79 2.54 -2.44 7.62 15.24

Pgo 15.80 -3.71 7.62 15.24

P8l 33.02 -3.71 7.62 15.24




12

TABLE I.~ Continued

(b) Thermocouples

o - ,
Thermocouples Xs ¥, Z, “dy L,
cm cm cm cm cm
External Surfaces
Gy -7.90 0 -7.62 0
de,u 21.01 33.55 -7.62 0
de, 2 21.01 -33.55 -7.62 0
Stub base
de 1.90 0 -6.55 1.07
qy 7.04 0 .74 8.36
4s 12.88 0 9.09 16.7
Stub upper sidewall
an 0.51 2.44 -6.27 1.35 4.1
a2 2.77 2.44 -3.02 4.60 7.67
413 5.82 2.44 1.19 8.81 1..73
ar 4 11.86 2.44 9.78 17.40 $23.09
qds -4.09 2.44 -6.35 1.27 1.52
&6 -1.09 2.44 -4.19 3.43 4.1
&1y -3.58 2.44 -3.30 4.32 4.32
Stub lower sidewall
g3 0.41 -2.44 -6.40 1.22 4.09
43 2.69 -2.44 -3.10 4.52 7.70
433 5.89 -2.44 1.22 8.84 12.75
g34 11.89 -2.44 9.68 17.30 23.04
d3s -4.14 -2.44 -6.30 1.32 1.47
436 -1.19 -2.44 -4.29 3.33 4.09
a37 -3.61 -2.44 -3.30 4.32 4.32 |




TABLE I.- Concluded

(b) Concluded

Thermocouples Xy Y, Zs d, L,
cm cm cm cm cm
Upper elevon sidewall
ds3 0.10 2.44 -5.08 2.54
d52 3.81 2.44 -5.08 2.54
ds3 20.35 3.7 -5.08 2.54
ds54 40.64 3.7 -5.00 2.62
ds5 3.84 2.44 -2.54 5.08
ds56 20.32 3.7 -2,52 5.10
ds57 40.64 3.7 -2.46 5.10
dgo 19.99 3.71 7.57 15.19
de1 40.34 3.7 7.52 15.14
dg2 39.37 3.7 20.07 27.69
Lower elevon sidewall
an 0 -2.44 ~5.08 2.54
472 3.86 -2.44 ~5.08 2,54
g73 20.29 -3.71 -5.08 2.54
d74 40.67 -3.7 -5.11 2.51
475 3.84 -2.44 -2.54 5.08
d76 20.32 -3.71 -2.54 5.08
q77 40.67 ~-3.71 ~-2.57 5.05
dgo 19.76 ~3.7 7.34 14.96
dgy 39.98 -3.7 5 7.39 15.01
dg2 39.37 -3.7M 1 20.19 27.81

13
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TABLE II.- TEST CONDITIONS

Test | 9o’ T, oor Raﬁ O Syr Sg.r Wur Wer W,
kPa K m deg deg deg cm cm cm
Sealed spanwise gap

1 61.9 1890 4.56 x 106 10 10 10 1.19 1.19 9.65
Maximum elevon-stub gaps

2 62.6 1790 4.82 x 106 0 0 0 1.19 1.19 9.65

3 62.8 1830 4.72 0 10 10 1.19 1.19 9.65

4 62.4 1890 4.59 10 0 0 1.19 | 1.19 9.65

5 61.3 1870 4.56 10 5 5 1.19 1.19 9.65

6 61.7 1870 4.59 10 10 10 1.19 1.19 9.65

7 62.6 1930 4.53 10 15 15 1.19 1.19 9.65

8 62.2 1830 4.69 15 10 10 1.19 1.19 9.65

9 61.8 1830 4.66 5 10 10 1.19 1.19 9.65
Reduced elevon-stub gaps

10 62.7 1820 4.76 x 106 10 10 10 0.55 0.57 8.5]

11 62.4 1920 4.53 10 10 10 .27 .32 7.92

12 62.1 1960 4.43 10 10 10 .12 .18 7.57

13 62.6 1900 4.56 10 10 10 0 0 7.26

Unsymmetric elevon-stub gaps

14 63.1 1900 4.63 x 10° 10 10 10 1.23 0.184T 8.66

15 62.4 1960 4.46 10 10 10 .59 .18 8.08

16 62.6 1910 4.56 10 0 0 .59 .18 8.08

17 62.5 1910 4.56 10 15 15 .59 .18 8.08

18 62.6 1860 4.66 5 10 10 .59 218 8.08

19 62.3 1900 4.56 15 10 10 .59 .18 8.08

Unsymmetric elevon deflections

20 62.6 1850 4.66 x 106 10 0 10 1.19 1.19 9.65

2] 61.3 1870 4.53 10 5 10 1.19 1.19 9.65

22 62.3 1910 4.56 10 15 10 1.19 1.19 9.65
Reduced total temperature

23 53.8 1500 4.56 x 106 10 10 10 1.19 1.19 9.65

Reduced unit Reynolds number
24 45.1 1940 3.22 x 10° 10 10 10 .19 .19 9.65
25 14.9 1960 1.05 10 10 10 1.19 .19 9.65




TABLE III.- REFERENCE PRESSURES AND HEATING RATES ON WING

AND ELEVON WINDWARD SURFACES

Test Pyr éw'z Pe,ur Pe, % ée,u' ée,ﬁ'
kPa kW/m kPa kPa kW/m2 kW/m2
Sealed spanwise gap
1 8.14 183.5 26.34 . 27.03 611.1 624.8
Maximum elevon-stub gaps
2 2.33 65.0 2.41 2.51 78.3 81.0
3 2.34 65.8 8.69 8.62 235.3 233.7
4 8.41 190.7 8.07 8.27 219.0 223.8
5 8.20 189.5 14.76 15.51 366.5 382.5
6 8.27 185.0 27.58 27.24 620.9 614.2
7 8.55 195.5 44.13 44,96 934.1 949.0
8 14.00 272.0 37.92 38.96 793.5 811.9
9 4.62 116.0 16.69 16.82 418.9 421.8
Reduced elevon-stub gaps
10 8.20 175.6 27.58 27.99 618.3 626.1
11 8.20 186.1 26.55 27.10 625.3 636.3
12 8.14 199.1 26.06 26.96 654.3 673.3
13 8.07 195.7 26.55 27.72 631.2 654.8
Unsymmetric elevon-stub gaps
14 8.07 186.9 26.20 27.79 625.2 657.2
15 8.27 206.0 26.89 27.58 665.2 679.6
16 8.00 192.5 8.07 8.27 230.6 235.6
17 8.00 182.4 42.40 43.78 954.3 980.7
18 4.65 117.6 16.20 16.41 413.9 418.3
19 13.65 289.1 36.54 38.06 815.5 844.2
Unsymmetric elevon deflection
20 8.00 191.6 7.93 27.58 221.3 638.4
21 8.14 189.1 14.89 27.30 372.2 623.2
22 8.07 176.8 42.75 27.37 944.6 646.7
Reduced total temperature
23 7.38 136.6 24,27 24.20 425.0 424.0
Reduced unit Reynolds number
24 6.07 154.8 19.24 19.79 494.5 506.5
25 2.00 60.4 6.27 6.27 201.6 201.6

15
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TABLE IV.- EXPERMENTAL PRESSURES IN MODEL GAPS

Stub base Stub upper sidewall Stub lower sidewall Upper elevon sidewall Lower elevon sidewall
Test
P6/Py | P7/Py | P11/Py | P13/Py | P16/Pyw | P17/Py | P31/Py| P33/Py | P36/Py | P37/Py | P59/Py | P60/Pw | P61/Py | P79/Py | P80/Pw|P81/Py
Sealed spanwise gaps
1 0.016 | 0.014 ] 0.067 0.004 | 0.042 | 0.206 } 0.053 | 0.015 | 0.033 0.132 | 0.019 0.014 0.035 | 0.011 0.015 | 0.061
Maximum elevon-stub gaps
2 0.10610.098} 0.139 | 0.080 ] 0.213 | 0.225 | 0.127 | 0.101 0.183 0.246 | 0.142 }[0.112 | 0.266 | 0,104 | 0.092 | 0.32%
3 .09 .086 .097 .050 .139 177 .080 .083 .153 .224 .094 .097 a7 .062 .094 <271
4 017 021 .05 .013 .164 172 .059 .022 2115 .139 .03 .025 .057 .022 .018 .058
5 .021 017 .049 .003 .150 .185 .058 .03 .118 .182 .028 .022 .059 .013 .018 .061
6 . 050 .04 .053 .00t 107 134 .062 .013 a1 162 017 .07 .040 017 017 .078
7 .037 .020 .060 .010 .129 .156 .071 .026 .134 172 .03 .030 .089 .034 .026 .133
8 .019 007 . 059 .008 .102 143 .067 .07 .099 .143 .009 . 044 .089 .019 .007 .103
9 .030 .027 .052 .018 116 .140 .055 .027 .109 .149 .033 .027 .090 015 .024 .082
Reduced elevon-stub gaps
10 [0.026 (0.012] 0.102 0.008 0.093 0.207 | 0.090 | 0.018 0.090 0.192 0.027 [0.017 | 0.07M 0.026 | 0.013 | 0.071
1M .08 .03 .162 024 .178 .261 .162 .034 .155 .195 . 046 .08 .046 .042 013 .067
12 012 .00 .249 .037 .27 .318 .263 .052 .237 .250 .076 019 .062 .093 017 .068
13 .014 015 | --- - .521 .479 —— - .675 .479 - 07 . 060 —-— 012 .063
Unsymmetric elevon-stub gaps
14 0.018 } 0.010 | 0.053 | O 0.105 | 0.135 0.291 0.052 | 0.238 | 0,244 | 0,005 | 0.005 | 0.056 | 0.096 | 0.018 } 0.074
15 L0117 .013 .092 .010 .097 . 204 .283 .053 .236 .242 .032 .018 .065 .098 .08 .071
16 .018 .015 .09 .02 .132 .206 .27 .052 . 240 .173 .034 .019 . 055 .091 .019 . 046
17 .021 012 .098 .009 .107 .238 .297 .062 .284 .305 .030 .018 .093 110 .01 .106
18 .033 .036 .107 .019 .105 .224 .3 .061 .31 .31 .056 .033 .065 114 .037 .081
19 .013 .008 .096 .007 .096 .210 .260 .053 .206 .240 .024 .008 .059 .088 .010 .078
Unsymmetric elevon deflection
20 0.020 | 0.016 | 0.055 0.003 0.160 | 0.220 | 0.060 0.019 | 0.103 0.129 | 0.020 0.021 0.038 | 0.016 | 0.023 0.051
21 017 .015 .053 .001 164 .160 .059 .014 .093 .130 .014 .014 .038 .010 .018 .060
22 .016 .010 .142 .005 119 167 .060 .013 .103 127 .030 .021 .056 .013 .015 .071
Reduced total temperature
23 0.016 | 0.014 | 0.050 0 0.107 0.140 0.056 0.013 0.106 0.136 0.012 0.015 0.037 0.008 0.016 | 0.058
Reduced unit Reynolds number
24 0.022 {0.014 0,056 | O 0.114 0.150 0.059 | 0.015 | 0.107 | 0.141 0.019 ]0.019 | 0.047 | 0.010 | 0.015 | 0.063
25 .069 .024 .059 .010 .128 .134 .059 .03 .138 124 .017 .017 .052 .010 .021 .076
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TABLE V.

- EXPERIMENTAL HEATING RATES IN MODEL GAPS

Stub base Stub upper sidewall Stub lower sidewall
Test
d6/qw [97/8w | 98/Gw |911/%(912/4w (413/9w (9147w |215/Gw {916/ T |917/Gw (43179 |432/0w |433/9w [434/9w [d35/3w{936/Aw [937/dw
Sealed spanwise gap
1 [0.0241]0.0186] 0.0198(0.184 [0.0359( 0.0229( 0.0068{0 0.0037{0.0012(0.200 |0.0557|0.0309| 0.0031(0 0.0043( 0
Maximum elevon-stub gaps
2 |0.0105{0.0017}-0.0035{0.236 |0.0227{-0.0017(-0.0052(0.0541}0.0192]|0 0.246 ]0.0227|0.0017(-0.0035|0.0489|0.0087 |~0.0035
3] .0172|0 .0224) .269 .0207] -.0017| -.0069| .0397| .0207| .0052} .266 .0207] .0034| 0 .0466| .0155( .0052
4 | .0250( .2320( .,0238| .242 { .0476| .0137| .0048{ .1050| .0071| .0030| .286 .0560| .0179 .0060| .0905( .0071 .0018
5 .0246| ,0251 ,0180) .288 .0563 .0156 .0035) .1070) .0090] .0084] .271 .0551| .0192 .0114| .1040| .0114 .0048
6 .0245| .0307 .0147] .262 .0595 .0288 .0123| .0982| .0184| .0092| .232 .0509| .0178 .0080( .0963( .0098 .0055
7 .0250} .0366 .0139( .258 .0600 .0215 .0058| .0888 | .0075| .0070| .250 .0470( .0174 .0017( .0946( .0722 .0075
8 .0184| .0254 .0063} .282 .0572 .0442; -.0042| .1330| .0196} .0104| .277 .0730} .0225| -.0067( .1250( .0129 .0075
9 .0245) .0245 .0489) .279 .0470 L0127 .0020{ .0714] .0127] .0049] .248 .0313) .0157 .0049{ .0773| .0098 . 0049
Reduced elevon-stub gaps
10 (0.0226(0.0517( 0.0488{0.265 (0.0782( 0.0220( 0.0071{0.0905(0.0278{0.0187{0.254 (0.0640(0.0200( 0.0019({0.0911{0.0304 0.0742
11 .0262| .0488 .0140( .326 .0854 0177 0 .0860| .0329| .0244( .305 | .0652| .0211 .0006| .0720] .0335|] .0207
12 | .0239( .0371 .0188| .357 .0616 .0028 .0011| .0667| .0257; .0245; .340 | .0473] .0040| O .0570| .0274| .0217
13 .0145!-.0041| -.00170 L0017 .0012 .0023| .0133| .0012| .0017[0 .0006| .0006 .0012{ .0070( .0012 .0006
Unsymmetric elevon-stub gaps
14 (0.0249|0.0358! 0.0237(0.247 |0.0589| 0.0267| 0.0073(0.0880(0.0109(0.0049(0.349 |0.0510/0.0049| 0 0.0607(0.0285] 0.0225
15 | .0231} .0447 .0165| .258 .0628 .0165 .0044| .0650| .0231| .0154| .329 .0457| .0044 .0006| .0606( .0259| .0209,
116 .0236| .0389 0436} .242 . 0495 .0153 .0035| .0696( .0195( .0100| .325 .0649 | .0047 .0006] .0389| .0230 .0100]
1 17 .0255| ,0485] .0236| .261 .0572 .0193 .0044| .0846| .0236| .0156| .363 | .0380| .0044| 0 .0548) .0292| .0180
18 .0241] .0666 .0222] .267 .0386 .0106] 0 .0473] .0203] .0125] .357 .0222] .0010 .0010j .0512] .0203 .0183
19 .0212| .0416 .0181| .243 .0726 .0243 .0055| .0664| .0196( .0141| .314 .0664} ,0055| -.0020] .0550| .0294 .0220
Unsymmetric elevon deflections
20 |0.0195/0.0231( 0.0213}0.207 (0.0385| 0.0113| 0.0036]0.0699/0.0071)|0.0024|0.241 |0.0456(0.0160| 0.0071{0.0800|0.0024| 0.0036
21 .0210] .0240 .0222| .230 -0408 .0126 .0084| .0846( .0042| .0030| .232 .0492} ,0180 .0108] .0822| .0054 .0048
22 .,0199| .0359 .0096 | .260 .0392 .0186( 0 .0706| .0013| .0032] .266 .0449| .0160 .0071| .0706( .0051| -.0077
Reduced total temperature
23 (0.0174(0.0199} 0.0174|0.203 I0.0365] 0.0166] 0.0066 0.0673[0.0116 0.0066 (0.211 0.04?ZJ0.0133| 0.0050 0.0681|0.0058| 0.0033
Reduced unit Reynolds number
24 |0.0249{0.0264| 0.0117(0.269 |0.0594| 0.0220| 0.0073{0.0799(0.0110|0.0066 |0.268 [0.0565|0.0198| 0.0081(0.0968(0.0081| 0.0037
25 .0338{ .0263 .0301| .376 .0752 .0188 | -.0056) .0714| .0169| .0056| .387 .0695( .0169( -.0038| .0714| .0113} O
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TABLE V.- Concluded

Upper elevon sidewall Lower elevon sidewall
Test
451 /8y |952/4y |d53/9w [954/dw | 455/Aw | 956/4w | 457/%w | 460/Gw | 361 /9w [962/w {971 /T |72/ G | 973/w | 174/ |[975/9w | 976/9w| 277/ | 980/ 9w | 981 /G | 982/
Sealed spanwise gap
1 |0.0278l0.170 |0.120 I0.244 |0'067{J,0'450l0'395 l0.0148|0.212 |0.1210 0.0396 0.23341?.139 [0.244 l0.0705 0.463 10.458 |0.0062l0.228 l0.132
Maximum elevon-stub gaps
2 {0.0925(0,194 [0.014 |0.108 [0.0384( O 0.140 {0.0873(0.483 }0.0506[0.1170(0.218 (0.016 0,108 [0.0314(0.14 0.145 |0.0750|0.508 |0.073
3 .0586 1 .231 .155 .345 .0966 .522| .388 .1140| .345 .1280| .0603| .259 .166 34 .0707| .514 .417 .0879| .302 .169
4 .0893 | .172 .052 .070 .0786 .255( .112 .0119| .104 .1460 | .1000( .174 . 051 . 049 .0571 | .262 119 L.0117| .098 .164
5 .0820| .178 .080 .135 .0802 <3221 .206 .0168| 141 .0095| .0826| .177 .081 116 .0461 | .310 .222 .0210] .146 .109
6 .0620( .184 .126 . 249 .0687 .446| .406 .02151 .218 .0896 .0681 | ,195 118 .215 .0503| .419 .421 .0276| .222 .149
7 .0464 | .209 172 .333 .0673 L6091} .633 .0380) .362 .0696 | 0534 .217 .164 .276 .0598( .600 .685 .0389] .362 .063
8 .0676( .178 .104 175 .0768 .399} .477 .0213} ,206 .0572| .0859| .181 - .090 .0572| .301 .548 .0167| .187 .042
9 .0656 | .192 .132 .302 .0763 .485] .410 .0157| .204 .3530| .0704| .212 152 .286 .0773| .482 .443 .0186| .200 .428
Reduced elevon-stub gaps
10 |0.0595|0.230 |0.127 [0.267 {0.1080| 0.464[0.650 |0.0123{0.187 |0.0659 {0,0536|0.259 |0.116 [0.223 |0.1140|0.454 |0.822 }0.0136]0.204 |0.165
11 .0598 | .192 147 .393 .1540 .495) .967 .0122| 170 .0610( .0579 | .259 116 .279 .1440| .465 .887 .0134| .193 16
12 .0473 | 147 .126 .509 .0952 .452| .873 .0114; .166 .0792| ,0490 .261 12 . 409 .1080| .431 .804 .0125] 172 114
13 |0 .040 .104 .520 |0 421} .792 0041 137 .1350 0 .027 a0 .524 |0 .408 . 756 .0046| .140 16
Unsymmetric elevon-stub gaps
14 0.0686 (0.192 [0.741 [0.313 ]0.0638| 0.493[0.679 [0.0140}0.204 }0.0753}0,0510(0.267 (0.112 |0.188 |0.1190/0.435 |0.533 [0.0152]0.216 |0.151
15 L0479 | .2 .128 .308 .1000 .455| .856 0127} .178 .0727) 0463 .253 12 .218 1100 .414 .792 .0127| .183 109
16 .0926 | .140 .047 127 .0938 .245| .284 .0094| .074 .1440¢ 1110 120 .039 .086 .0849| .225 .265 .0295| .076 .198
17 L0355 .277 .195 .502 .1160 .68411.562 .0361| ,305 .0678 | .0386| .355 .189 .490 L1130 .610 [1.477 .0429| .279 .057
18 .0502 | ,258 .136 .322 .1120 .492| .583 .0154| .189 .5010| .0290| .281 .145 .269 ,0560 | .463 .627 .0299| 176 .483
19 L0542 . 213 .106 .508 .0954 .4241 .756 .0275| .164 .0459 | .0550| .229 .092 .484 .1290| .393 .720 .0389| .169 .039 }
Unsymmetric elevon deflections
20 |0.0782 (0.147 [0.052 [0.090 J0.0610( 0.237}0.203 (0.0213|0.087 (0.100010.0610}0.185 [0.116 |[0.209 [0.0498|0.447 {0.419 |0.0195]0.205 |0.113 |
21 .0678| .156 .083 .156 .0618 327 .249 .0144] 130 .0678 | .0678 | 191 .124 .214 .0504 | .457 . 437 .0330 231 g4 !
22 .0424 | .218 212 .438 L1010 .680] .752 .0302] .401 .0802 ] .0674| .225 .123 .220 .0507 | .482 .624 .0186| .231 122 f
Reduced total temperature
I3
23 |0.0432|0.140 |0.127 |0.324 I0.0498! 0.424|0.507 0.0266 (0,208 |0.1150 (0,0498 |0.172 |0.097 J0.280 l0.041510.405 |0.490 |0.0282]0.21] |0.124 '
Reduced unit Reynolds number
24 |0.065210.193 }0.132 (0.288 [0.0696] 0.49310.416 |0.0154|0.224 |0.0887 |0.0755[0.216 [0.116 |0.194 10.0616 [0.467 |0.403 0.0169{0.232 [0.111 T
25 .0771 ] .291 .156 .306 1170 .588{ .408 .0019| .182 .0282 .0940 .318 .162 .274 .1200( .551 .419 .0019{ .182 .070 |
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(a) Front view. o = 10°9; § = 259,

Figure 2.- Test model installed in Langley

:

(b)y Side view. a = 159; &§ = 15°.

{(c) Side view without upper elevon.
a =159; § = 15°.

L-80-251
8-Foot-High-Temperature Structures Tunnel.
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Figure 3.- Exploded view of test model.
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(All dimensions are in centimeters.)
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o Pressure orifice

¢ Heating-rate thermocouple
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(a) Windward surfaces.
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Figure 6.- Instrumentation and coordinate system.
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L-78-5720
(a) Stub instrumentation.

L-78~-7498
{({b) Stub attached to model.

Figure 7.~ Heating-rate thermocouples mounted on test model

surface.
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Figure 8.- Details of thermocouple-instrumented thin plate. (All dimensions
are in centimeters.)
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Figure 9.~ Oil-flow pattern on wing and elevon windward surfaces. W = 9.65;
§ =109, o = 10°.
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Figure 11.~ Pressures on wing and elevon windward surfaces for various
test conditions.
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Figure 13.- Elevon-stub gap heating distribution for various angles of attack. ¢ = 10°,

1.0 C a, deg - o
L o 0 -
r a 5 - L
; O 10 _
A 15

I Unticked - Upper elevon I I

Ticked -Lower elevon
Ao - =
C C r
i f - -
ook - :
. Q- L |

OOJ 1 R R N B S | { L | L ' |
1 5 10 50 1 5 10 50 1
r, cm r. cm r, cm
(a) w=1.19 cn. (b) w=0.59 cm. (c) w=0.18 cm.



€€

1.0

.o-‘_g.

.01

001

Figure 14.- Elevon-stub gap heating distribution for various elevon deflection angles. & = 10°.
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Figure 15.- Variation of elevon-stub gap pressure with gap width. o = 109;

§ = 109,
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Figure 16.- Variation of elevon-stub gap heating with gap width. o = 10°;
§ = 100, '
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Figure 17.- Variation of elevon-stub gap pressure with local unit Reynolds
number., o = 109 &8 =109 w = 1.19 cm.
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Figure 18.- Variation of elevon-stub gap heating with local unit Reynolds
number. o = 109 & = 10° w = 1.19 cn.
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Figure 19.- Elevon gap heating distribution for various elevon deflection angles. a = 100°.
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Figure 20.- Elevon gap heating distribution for various angles of attack. & = 10°.
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